ABSTRACT Vector resistance to insecticides is becoming a major obstacle to malaria prevention measures. A baseline survey was carried out in Khartoum city, Sudan, during September-November 2007, to map the insecticide susceptibility status of Anopheles arabiensis and to examine the correlation with insecticide usage in urban agriculture. Susceptibility tests were conducted in 6 sentinel sites representing urban and periurban strata of the city. Mortality rates and knockdown times were calculated for 8 insecticides on a total of 9820 specimens. An. arabiensis was susceptible to bendiocarb (98.1%), propoxur (100%), fenitrothion (100%), deltamethrin (99.8%) and lambda-cyhalothrin (99.2%). Susceptibility rates were significantly different between urban and periurban sites for malathion (80.8% vs 56.0%), DDT (99.0% vs 95.0%) and permethrin (98.5% vs 96.3%). The 50% knockdown times were significantly higher in periurban than urban populations of An. arabiensis for deltamethrin, lambda-cyhalothrin and malathion. 
Introduction
Vector resistance to insecticides is becoming a major obstacle to malaria prevention measures especially in periurban ecosystems in the main cities of Africa [1] . Khartoum, the capital of Sudan, has grown from a population of 245 000 in 1955 to 5.27 million in 2008 [2] . Both built-up and urban agricultural areas have expanded in response to high demand for accommodation and food. However, the relative rate of expansion varies between the city's districts, due to differences in landscape and the livelihoods of the local community [3] . Concurrently, urban agriculture has been pushed from the metropolitan zone (urban areas) to the peripheral zone (periurban areas).
Malaria constitutes a major public health problem in Khartoum, leading to about 300 000 cases and 500 deaths each year on average [4] . Anopheles arabiensis is the sole malaria vector species in Khartoum [5] . The main vector control intervention in Khartoum city is larval control using Temephos® EC50, with a focus of intervention activity in the urban areas of the city. Environmental management through weekly drying of irrigation canals (intermittent irrigation) is practised in the periurban areas of the city. Space spraying of insecticides and insecticide residual spraying is occasionally used when adult mosquito densities increase or when a malaria outbreak is expected. Coverage with insecticide-treated bednets is still very low in the city despite ongoing scale-up in other parts of Sudan [6] .
Effectiveness of malaria vector control requires sound management of the use of insecticides to avoid or delay the development of vector resistance [7] . Elucidating the susceptibility status of local populations of An. arabiensis to insecticides is therefore essential, particularly in urban settings that may be influenced by small-scale landscape and livelihood variations. In the present study a baseline survey was carried out in Khartoum city, during the period September to November 2007, to elucidate the susceptibility status of An. arabiensis to 8 different insecticides. The results were examined with respect to potential pressure of insecticide usage in urban agriculture.
Methods

Study area
Khartoum city lies within the savannah region of Sudan, characterized by a short rainy season (July to September), a short winter season (December to February) and a relatively longer summer season. Two types of study sites were selected, urban and periurban, based on the presence and magnitude of urban agriculture compared with the built-up area, and the usage of insecticides in the site. Accordingly, the following 6 sites were selected in greater Khartoum: Arkewiet and Soba West (Khartoum); Abu'siid and Essalamania West (Omdurman); Elmaygoma and Eltmanyat (Bahry).
Qualitative data on urban agriculture and insecticide usage
Qualitative data on usage of insecticides for urban agriculture were obtained from site visits, interviews, the records of the National Pesticides Council, the Sudanese Agrochemical Association, and sellers in the local market of pesticides in Khartoum city. Of all the 17 agricultural pesticides registered for use in the Sudanese market we tested the 8 insecticides recommended by WHO for use in public health and malaria control.
Mosquito collection and rearing
Mosquito specimens were collected from the field as larvae and pupae using scoops, pipettes and collection nets [8] . These were reared in trays on rice powder, and then transferred to adult cages as pupae. Emerging females and males were fed on sucrose 10% solution until they were ready for testing (1-3 days old). In accordance with World Health Organization (WHO) recommendations [9] , susceptibility tests were conducted on F1 generations of larvae collected from the monitored sites. The tests were conducted in the entomology facility in the malaria department of Khartoum state.
Identification and molecular work
Polymerase chain reaction (PCR) assays in sub-samples of tested specimens (n = 990), using taxonomic keys [10] , confirmed identification of Anopheles arabiensis as the sole member of An. gambiae complex. PCR method was based on specific DNA nucleotide differences in the intergenic spacer of ribosomal DNA (rDNA) [11] . The identification of each An. gambiae complex specimen to the level of molecular requires 2 PCR reactions [12] . The DNA was extracted from a single mosquito using a DNA extraction kit (Qiagen) with 1 uL of the DNA amplified in a 24 uL PCR mix containing PCR buffer, 2.5 mM MgCl 2 , 0.2 mM of each dNTP, 12.5 ng primer UN 5´-GTG TGC CCC TTC CTC GAT GT-3´, 6.25 ng primer AR 5´-AAG TGT CCT TCT CCA TCC TA-3´, 25 ng primer QD 5´-CAG ACC AAG ATG GTT AGT AT-3´, 12.5 ng primer ME 5´-TGA CCA ACC CAC TCC CTT GA-3´ and 0.9 U DNA polymerase (AmpliTaq). The PCR condition with an initial step of 10 min at 94°C, followed by 30 cycles each consisting of 30 s denaturation at 94 °C, 30 s annealing at 50 °C and 30 s extension at 72 °C with the final cycle products extended for 7 min at 72 °C . All identified specimens belonged to An. arabiensis ( Figure 1 ).
Insecticide susceptibility tests
Insecticide susceptibility tests were conducted following WHO standard procedures [13] using impregnated papers provided by WHO in March 2007.
Insecticidal activities of the papers were confirmed by testing a sample against a reference colony of An. arabiensis (Dongola strain) previously identified as free of resistance.
Adult females and males aged 1-3 days old were tested separately by aspirating 15-25 mosquitoes each into exposure and control tubes. In each sentinel site, similar sample sizes of 100 specimens of females and males were conducted, where this was attainable.
A standard exposure time of 1 hour was used for all the tested insecticides except for fenitrothion 1.0% for which the exposure was 2 hours. During the exposure time, the numbers of knocked down mosquitoes were recorded after 10, 15, 20, 30, 40, 50 and 60 min. At the end of the exposure time, mosquitoes were transferred into holding tubes, provided with 10% sucrose solution and allowed a 24 h recovery period, after which mortality was recorded.
Control groups were composed of either adult females or males (where appropriate). These were exposed to control papers (impregnated with silicone oil, Risella oil or olive oil depending on tested insecticide group) for 1 h or 2 h. Temperature and relative humidity were measured during the test period using a thermohygrometer.
Test conditions
The mean ambient temperature and humidity recorded inside the laboratory at the start of the test were 26.7 [standard deviation (SD) 0.6] °C and 46.4% (SD 2.4%) respectively. Similarly, the mean temperature and humidity inside the testing room after 24 h of the test were 27.5 (SD 0.7) °C and 45.7% (SD 2.2%), respectively.
Data analysis
Mortality rates after insecticide exposure were calculated as the number of dead mosquitoes/total tested for each test replicate, where no mortality in the control replicate was found. In the case of 5%-20% mortality in the control group, the mortality rate of the test group was adjusted using Abbott's formula [14] . Mortality > 20% was not observed in any of the control replicates. The mean mortality rate was determined across all cohorts of mosquitoes tested for a particular insecticide in a specific sentinel site. Mann-Whitney analyses were used to verify whether there were significant differences between females and males, while Kruskal-Wallis tests were used to determine if there were any significant differences between sentinel sites. WHO criteria were used to evaluate the resistance/susceptibility status of the tested mosquitoes: susceptible (≥ 98% mortality), suspected resistance (97%-80% mortality) and resistance (< 80% mortality).
The exposure times to achieve 50% and 90% knockdown (KDT50 and KDT90) were estimated by the logtime probit model using the LdP Line® software. Calculations of knockdown resistance ratio (KRR) were made with reference to the sentinel site with the shortest time. Student t-tests were conducted to compare the results from urban and periurban sentinel sites.
Results
Urban agriculture and insecticide pressure in urban and periurban sites Table 1 presents a summary of the landscape of the study areas (geographical coordinates, types of breeding sites, population density and land use). The census from the administrative localities shows that total cultivated area in the urban sites represented 3.8% compared with 63.5% of the total area in the periurban sites. Transformation of land usage into a built-up area was reported at 2 urban sites: Soba West and Abu'siid, where the agriculture area had decreased along the Nile banks to less than 10% of the total land area. Agriculture in periurban sites comprised large private and cooperative schemes. Field crops (wheat and maize), vegetables and fodders (clover, alfalfa and sorghum bicolour) were the main cultivated plants.
The total planted area and pesticides usage at the study sites are summarized in Table 2 . It is clear from the subtotals of the insecticide concentrations that on average about 90% of the total quantities of agricultural insecticides were used in periurban sites compared with about 10% in the urban ones. The 2 organophosphates, mainly malathion, represented about 93% of the sprayed agricultural insecticide concentrations, 
Descriptive data
The total number of tested specimens was 9820, of which 4842 were females. Specimens were grouped into 396 exposure replicates, with 194 of these consisting of female exposures. No significant differences were observed in the mortality of males and females tested for particular insecticides, nor within each sentinel site (P > 0.05). The numbers of specimens tested for each insecticide in the sentinel sites are shown in Table 3 . Control cohorts included 3085 specimens (151 replicates).
Results of susceptibility tests
In all areas of Khartoum city combined, An. arabiensis was susceptible to all the tested insecticides with the exception of suspected resistance to dichlorodiphenyl-trichloroethane (DDT) (total mortality rate 96.9%) and permethrin (97.4%), and confirmed resistance to malathion (69.1%) (Table 3). Profiles of mortality rates of tested females and males against these 3 insecticides in periurban and urban sentinel sites are shown in Figure 2 .
Both male and female An. arabiensis were susceptible to DDT in all the urban sites (Table 3) . However, some tolerance was observed for specimens from the 3 periurban sites of Eltamanyat (mean mortality rate for females 91.0%, 95% CI: 91.2%-90.8%, and for males 93.0%, 95% CI: 93.2%-92.8%), Elmaygoma (mean mortality rate for females 96.0%, 95% CI: 96.1%-95.9% and for males 96.0%, 95% CI: 96.1-95.9%) and Essalmanya West (mean mortality rate for females only 96.0%, 95% CI: 96.1%-95.9%). The tolerance of DDT correlated with usage of pyrethroids in urban agriculture in the study areas (Spearman rho = 0.88, P < 0.05).
An. arabiensis was also tolerant to permethrin in the 3 periurban sites of Elmaygoma (mean mortality rate for females 95.0%, 95% CI: 95.1%-94.9% and for males 97.0%, 95% CI: 97.1%-96.9%), Eltamanyat (mean mortality rate for females 96.8%, 95% CI: 98.9%-94.6% and for males 95.0%, 95% CI: 95.1%-94.9%) and Essalmanya West (mean mortality rate for males only 95.0%, 95% CI: 96.8%-94.6%). The tolerance of permethrin was moderately correlated with usage of pyrethroids in the study areas (Spearman rho = 0.71, P = 0.11).
Lower mortality rates for malathion were observed in the periurban sites (mean mortality rate 59.7%, 95% CI: 56.9%-62.5%) compared with the urban sites (mean mortality rate 80.8%, 95% CI: 77.8%-83.9%), and the resistance was strongly correlated with agricultural usage of organophosphates in the study areas (Spearman rho = 0.91, P < 0.05). In addition, females in the periurban areas were significantly more resistant to malathion (mean mortality rate 52.3%, 95% CI: 50.8%-53.8%) than were males (mean mortality rate 67.0%, 95% CI: 66.4%-67.6%) (t = 10.07; P < 0.001).
The resistance differences between urban and periurban areas in Khartoum were statistically significant for malathion (t = 8.57, df = 46, P < 0.001), DDT (t = 4.17, df = 31, P < 0.001) and permethrin (t = 2.03, df = 39, P < 0.05). 
Knockdown results
KD50 times were higher for specimens from periurban sites compared with urban sites for deltamethrin (t = 2.71, df = 45, P < 0.001) and lambdacyhalothrin (t = 3.96, df = 46, P < 0.001) (Table 4) . Similarly, the KRR of malathion was around 1.6-fold higher in periurban sites compared with the most susceptible urban site (t = 6.25, df = 44, P < 0.001) ( Table 5 ).
Discussion
Development of urban agriculture in Khartoum city has coincided with increasing use of insecticides in periurban areas compared with urban ones, where agriculture practices for the latter are now halted or diminished. In this study no chemical analyses for residues of insecticides in the breeding containers were done. However, it was apparent there was an impact of agricultural pesticides on susceptibility of Anopheles spp., as shown by differences in the insecticide susceptibility of these populations in agricultural periurban areas and nonagricultural urban ones. According to the WHO criteria for insecticide susceptibility, evidence for resistance to malathion in An. arabiensis in Khartoum city was identified. In addition, suspected resistance to DDT and permethrin was also reported for An. arabiensis from periurban areas of Khartoum. On the other hand, An. arabiensis in urban areas was susceptible to malathion, DDT and permethrin. In addition, significant differences in knockdown rates between periurban and urban sites were observed for malathion and other 2 pyrethroids. In Nigeria and Ghana, Kristan et al. observed slight differences in the urban/ periurban distributions of anopheline fauna and pyrethroid molecular resistance [15] .
The results reported here for malathion agree with both historical and recent studies from neighbouring Gezira state [16, 17] . However, there is no evidence that malathion resistance is geographically widespread. Based on the reported use of malathion in agriculture [17] , resistance is likely to be influenced by land use in periurban parts of Khartoum where there is no aerial spraying of malathion in vector control. In contrast, Lines had argued that in the irrigated scheme in Gezira, malathion resistance was attributed to house spraying rather than aerial crop spraying [16] . The susceptibility pattern of An. arabiensis to pyrethroids in Khartoum is inconsistent with recent reports from neighbouring Gezira and Sennar states [17, 18] , where An. arabiensis was reported to be resistant to deltamethrin. It should be noted, however, that there is evidence of use of large quantities of pesticides in agriculture for a long time now in both Gezira and Sennar states. The use of pyrethroids in periurban areas of Khartoum for vegetable farming may be a more recent phenomenon, as confirmed by high knockdown times of deltamethrin and lambda-cyhalothrin from this study.
In this study, no molecular work was conducted to detect either the presence of knockdown resistance mutations or markers of metabolic resistance. Recent studies in Sudan have reported the occurrence of the 2 knockdown resistance mutations (Leu-Phe and Leu-Ser) in An. arabiensis populations [17, 19] . Further molecular work is needed to explore the possibility of development of multi-resistance patterns of vectors in the city as a result of urban agriculture.
A case study has shown that farmers in Khartoum rely heavily on chemical control for crop protection. The reported misuse of insecticides by farmers is thought to be due to a lack of appropriate cultural practices as well as poor knowledge on pesticide hazards and safety precautions [20] . It is therefore recommended that future studies on insecticide resistance in Sudan should be linked to land use by the community so as not to miss out potential areas under insecticide selection pressure.
In conclusion, strengthened intersectoral collaboration between the agricultural and public health departments is recommended to monitor and manage the impact of the growing market and usage of agricultural pesticides on the emergence of vector resistance. This will ensure that the few arsenals of weapons available for vector control are appropriately preserved.
